cystic fibrosis transmembrane conductance regulator; Na ϩ K ϩ Cl Ϫ cotransporter 1; camp-regulated traffic; acetylcholine; villus enterocyte THE CYSTIC FIBROSIS CONDUCTANCE REGULATOR (CFTR) chloride (Cl Ϫ ) channel is critical to fluid secretion in epithelial cells. In crypt cells throughout the small and large intestine, and in small intestinal villus enterocytes, CFTR is present on the apical membrane and subapical recycling endosomes and is recruited to the apical membrane by cAMP and Ca 2ϩ agonists (2, 7, 28, 30) . The prolonged increase of active CFTR channels at the membrane leads to excessive outward movement of water and the anions Cl Ϫ and HCO 3 Ϫ into the lumen, resulting in secretory diarrhea (5, 20) . Mutated or absent CFTR leads to cystic fibrosis, altered luminal pH, and mucoviscidosis (16 -18, 21, 24) . The cellular distribution of CFTR is heterogeneous and consistent with the observations that mechanisms of CFTR regulation are tissue and cell specific (14 -15, 23, 37, 47) .
Our laboratory identified a subpopulation (ϳ2.5%) of epithelial cells with enterocyte-like morphological features in rat and human small intestine that express very high levels of apical membrane CFTR in association with a prominent cytoplasmic vesicle pool, and we named these cells CFTR High Expresser (CHE) cells (4) . This prominent subapical vesicular compartment was shown to be critical for agonist-dependent CFTR vesicle recruitment in CHE cells (6) . In duodenal sections, the mean apical CFTR fluorescence intensity (FI) in CHE cells was found to be approximately eightfold higher compared with that for neighboring crypt cells, indicating that CHE cells express ϳ30% of total duodenal apical surface CFTR under basal conditions in the rat (6) . The eightfold higher CFTR content in the CHE cells compared with other CFTR-expressing cells suggested that CHE cells possess the capacity for intense secretory activity. The CHE cells present a challenge for conducting functional investigations because of their distribution, low abundance, and lack of cellular markers to facilitate isolation/enrichment.
The present study further elucidates morphological and cell biological features to aid our understanding of the functional role of the CHE cells in the rodent intestine. The study aimed to address specific questions: What is the distribution pattern of the CHE cells? Are there unique markers that support functional specificity of the CHE cells? Are there molecular components that are unique to this intestinal cell type, or differential expression of molecular markers in CHE cells? Is the Na ϩ K ϩ /Cl Ϫ cotransporter NKCC1, a key transporter involved in Cl Ϫ secretory function at the basolateral membrane of epithelial cells, present in CHE cells? How does secretory agonist stimulation (cAMP or the Ca 2ϩ agonist acetylcholine, ACh) alter the transporter trafficking in CHE cells compared with neighboring enterocytes? What characteristics are shared by CHE and non-CHE cells? The distribution profiles of CFTR, NKCC1, Na ϩ /H ϩ exchanger 3 (NHE3), Cl Ϫ /HCO 3 Ϫ exchanger SLC26A6 (i.e., putative anion exchanger 1, PAT1), Vacuolar-ATPase (V-ATPase), Myosin 1a, intestinal alkaline phosphatase (ALP), Na ϩ /H ϩ exchanger regulatory factor 1 (NHERF-1), Na-K-ATPase, and Syntaxin 3 were examined in detail in the CHE cells in double immunolabeling experiments. The data provide further support indicating a specialized role for CHE cells in Cl Ϫ -mediated "high-volume" fluid secretion in the proximal small intestine.
MATERIALS AND METHODS
Reagents and antibodies. Three independent anti-CFTR antibodies were used in this study. AME4991 is an affinity-purified, rabbit polyclonal antibody raised against the carboxy-terminal peptide of rat CFTR (3) . The anti-CFTR mouse monoclonal antibody 217 was obtained from Dr. John Riordan (University of North Carolina-Chapel Hill, and Cystic Fibrosis Foundation Therapeutics). The monoclonal mouse antibody M3A7 raised against the COOH terminus of human CFTR was purchased from Chemicon International (Temecula, CA). The polyclonal rabbit antibody K1A raised against electrogenic Na ϩ / bicarbonate cotransporter NBCe1 was a gift from Dr. Walter Boron (Case Western Reserve University). The human monoclonal antibody (T4) generated against the human Na ϩ K ϩ /Cl Ϫ cotransporter 1 (NKCC1) was acquired from the Developmental Hybridoma Bank (University of Iowa). The polyclonal vATPase antibody raised against the V oa3 subunit was generated by Dr. Beth Lee (Ohio State University). Two independent anti-NHE3 antibodies were used as follows: 1) the monoclonal mouse NHE3 antibody (N12920/611776) (BD Biosciences, San Jose, CA) was diluted at 1:500 (30); 2) the polyclonal NHE3 antibody made in rabbit (NHE31-A; Alpha Diagnostics, San Antonia, TX) was diluted at 1:100. The ␤-catenin monoclonal mouse antibody (610154, lot 76283; BD Transduction Laboratories, Lexington, KY) was diluted at 1:1,000. The PAT1 (SLC26A6) polyclonal rabbit antibody (a-hA6; a gift from Dr. Brett Thompson) was diluted at 1:500. The downregulated in adenoma (DRA, SLC26A3) polyclonal rabbit antibody (gift from Dr. C. Schweinfest) was diluted at 1:500. The NHERF-1 (EBP50) polyclonal rabbit antibody raised against the Ezrin-ERM-binding phosphoprotein of 50 kDa (EBP50; PA1-090; Affinity BioReagents, Golden, CO) was diluted at 1:200. The monoclonal mouse Na-K-ATPase antibody (ABR MA3-924; Affinity BioReagents) was diluted at 1:500. The ␤-actin monoclonal mouse antibody (A5316; Sigma, St. Louis, MO) was diluted at 1:10,000. The ALP polyclonal rabbit antibody (BYA11911; Accurate Chemical & Scientific, Westbury, NY) was diluted at 1:500. Fluorescent-tagged secondary antibodies were purchased from Invitrogen (Carlsbad, CA) and Jackson ImmunoResearch Laboratories (West Grove, PA). All other drugs, reagents, and chemicals were purchased from Sigma unless otherwise stated.
Animals. The Institutional Animal Care and Use Committee of Yale University School of Medicine approved the study. Male Sprague-Dawley rats (200 -250 g body wt; Charles River Laboratories, Wilmington, MA) were fasted overnight but allowed free access to drinking water and anesthetized with Inactin (120 mg/kg) administered by intraperitoneal injection. Body temperature was maintained with a heating pad, and the animals were euthanized at the end of experiments.
In vivo studies on rat ligated intestinal loops. Rat jejunal and duodenal loops (ϳ2.5 cm length) were created with ligatures. Each loop was instilled with either 0.2 ml warm (37°C) normal saline (pH 7.4), pH 2.0 saline acidified with HCl, or 100 M 8-Br-cAMP diluted in saline for 20 or 30 min.
Ex vivo studies on rat duodenal and jejunal explants. Experiments were performed using ϳ1.5-mm thick "ring"-shaped intestinal tissue explants dissected from the rat duodenum and jejunum. The explants were maintained in a viable state for up to 4 h, in Dulbecco's modified Eagle medium (DMEM) and left untreated, or treated ex vivo with 0.2 ml normal saline (pH 7.4) or acidified saline (pH 6.0) that was added to the ϳ1 ml culture solution for 10 or 20 min at 37°C in 5% CO2/90% air atmosphere incubator. Some explants were treated with 8-Br-cAMP (100 M or 1 mM), or ACh (10 or 100 M) for 2 min, 5 min, 10 min, 20 min, 30 min, 45 min, 75 min, and 100 min. Tissues were fixed in 2% paraformaldehyde for 1 h, thoroughly rinsed, and processed for immunolabeling.
Tissue preparation/immunofluorescence labeling. Preparation of rodent intestinal tissues by fixation, embedding, and sectioning and the use of tissue arrays for immunolabeling, microscopy, and densitometric image analysis were performed as described before (30) . For cell distribution analysis, tissues were taken from the proximal duodenum, distal duodenum, proximal jejunum, midjejunum, distal jejunum, ileum, proximal colon, and distal colon. Cryostat sections were rehydrated in PBS. To minimize autofluorescence, sections were treated with 1% sodium borohydride for 20 min and then washed with PBS. Sections were blocked in 10% goat serum, 0.5% bovine serum albumin, 0.15% glycine, and 0.1% Triton X-100 for 1 h, followed by washes with PBS. Sections were incubated with primary antibodies overnight at 4°C, with the exception of NKCC1 antibodies that were incubated for 15 min at room temperature. Control sections were labeled with the respective nonspecific IgG antibodies. The following day, sections were washed with PBS, incubated with the appropriate secondary antibodies for 1 h at room temperature, stained with 1% Hoechst nuclear stain (DAPI), and mounted in Slow Fade medium (Molecular Probes, Eugene, OR).
Morphometric analysis of CHE cell distribution. The percentage of CHE cells vs. total number of epithelial cells in the rat proximal duodenum, distal duodenum, proximal jejunum, midjejunum, distal jejunum, ileum, proximal colon, and distal colon was determined. In the adult rat, the small intestine is ϳ100 -120 cm long, consisting of duodenum (ϳ8 -10 cm), jejunum (ϳ80 -100 cm), and ileum (ϳ8 -10 cm). For morphometric analysis, within the duodenum, sections were taken from the proximal duodenum (defined as the first ϳ1.5-cm segment), midduodenum (ϳ2-cm central segment with the pancreatic duct junction), and distal duodenum (ϳ2-cm segment just proximal to the ligament of Treitz, the suspensory muscle that connects the duodenum to the diaphragm and is considered the structure that defines the beginning of the jejunum). Within the jejunum, sections were taken from the proximal jejunum (first ϳ10-cm segment), midjejunum (central segment, ϳ40 cm distant from the proximal segment), and distal jejunum (last ϳ10-cm segment, adjoining the ileum). Ileum sections were from the ϳ5-cm segment proximal to the ileocecal junction. Out of the (ϳ12-16 cm long) rat colon, sections were taken from the proximal colon (first ϳ3-cm segment) and distal colon (last ϳ3-cm segment). A minimum of five low-magnification (10ϫ) images taken from randomly selected sections was analyzed from each region. The distinctly intense apical CFTR immunolabeling was used to identify CHE cells. The total number of cells in the images was determined by counting of nuclei (labeled with DAPI).
All measured values are presented as means Ϯ SE.
FI image analysis. Microscopy and densitometric image analysis was performed as described before (30) . CFTR and NKCC1 FIs were determined. Briefly, data from six to twelve selected areas were averaged in each image, six to eight images were analyzed for each measurement group in one animal, and data were collected from four animals. Analyses were performed as previously described using Adobe Photoshop CS4 (30) . Fluorescence intensity levels were measured by selecting regions of interest in the apical membrane for CFTR, the basolateral membrane for NKCC1, and the intracellular apical pole for both transporters. To select the region of interest, the circular brush tool was set at 100% hardness, and 2.0-m-thick areas were traced on the apical or basolateral membrane. For intracellular membrane fluorescence, 3.0-m-thick areas were traced closely to the basolateral membrane. Using the advanced "Analysis and Record Measurements" tools in Adobe Photoshop CS4 Extended, the pixel intensities (mean gray value) were recorded for the selected areas. Statistical significance between two individual measurement groups was determined by unpaired t-test. Differences among groups were determined using one-way ANOVA and the Tukey's post hoc method of multiple comparisons. The level of significance was set at P Ͻ 0.05.
RESULTS
Proximal-distal distribution of CHE cells along the rat intestine. Previous studies from this laboratory localized the CHE cells to the rat small intestine, but the details of their distribution patterns were not documented (4) . The ratio of CHE cells vs. total number of epithelial cells along the rat intestine was determined (Fig. 1A) . CHE cells accounted for 0.92% of all epithelial cells in the proximal duodenum, 2.1% in distal duodenum, 3% in proximal jejunum, and 0.38% in midjejunum. CHE cells were not found in distal jejunum, ileum, proximal colon, or distal colon. A representative distribution map of CHE cells in proximal duodenum and proximal jejunum is shown in Fig. 1C .
CFTR FI in CHE cells along the crypt-villus axis.
To understand differences in CFTR subcellular distribution between enterocytes and CHE cells, we analyzed CFTR FI at apical membranes and subapical compartments of enterocytes and CHE cells in untreated rat proximal jejunum (Fig. 1B) . In the lowest crypt cells, both apical and intracellular CFTR FI were relatively homogenous, thus CHE cells could not be distinguished. Along the crypt-villus axis, CHE cells were first clearly recognizable just above the proliferative zone. Therefore, cells were analyzed from the midcrypt and upper third of cAMP-induced membrane recruitment of CFTR and NKCC1 in CHE cells in rat jejunum. Because cAMP activates fluid transport by CFTR and NKCC1 traffic in enterocytes, the distribution of both transporters was examined in CHE cells following treatment of rat proximal jejunal tissues with saline or 100 M 8-Br-cAMP. To examine the short-term response of CHE cells to a secretory stimulus, 8-Br-cAMP was injected into ligated jejunum loops in vivo for 30 min (Fig. 3) . In the untreated condition, CFTR was partially apical (Fig. 3B , arrowhead) and partially intracellular in subapical endosomes (Fig. 3B, open arrowhead) , as shown before (4, 6) . In the untreated condition, NKCC1 FI was low and NKCC1 labeling was largely intracellular in CHE cells (Fig. 3, A and B) . After cAMP treatment, both apical CFTR and basolateral NKCC1 FI levels increased in villus enterocytes (Fig. 3C) , as shown before (28, 30) . Interestingly, the secretagogue-induced increases in both CFTR and NKCC1 in CHE cells were particularly robust compared with neighboring enterocytes (Fig. 3, C  and D) . To appreciate the magnitude of CFTR FI differences in CHE cells vs. non-CHE enterocytes, CFTR labeling is shown at reduced and original exposure levels in Fig. 3D . In Fig. 3D , top, CFTR labeling is presented at reduced exposure to show subcellular CFTR distribution in CHE cells; at this exposure level, CFTR labeling in neighboring enterocytes is undetectable. In Fig. 3D , bottom, the original exposure level reveals CFTR in neighboring enterocytes. Quantitative densitometry confirmed these observations (Fig. 3, E and F) . In particular, the quantitative data revealed that the cAMP-induced CFTR and NKCC1 FI increases were both disproportionately higher in CHE cells than in non-CHE enterocytes along the cryptvillus axis.
cAMP-induced increase in ␤-catenin levels in CHE cells. ␤-Catenin is part of a complex that constitutes adherens junctions that are necessary for maintenance of the epithelial cell layer and adhesion between cells. Because CFTR is regulated by the PKA/cAMP pathway and PKA activity is known to regulate ␤-catenin levels at cell borders (29), we examined ␤-catenin levels in CHE cells in response to cAMP. As a second approach to examine the short-term response of CHE cells to a secretory stimulus, 8-Br-cAMP was added to the tissue culture medium containing an ex vivo jejunum explant tissue ring for 10 min. Tissues were fixed and double immu- nolabeled to detect CFTR and ␤-catenin (Fig. 4) . In untreated tissues (Fig. 4A) , apical and subapical CFTR labeling was present in CHE cells, and basolateral ␤-catenin labeling was present in both CHE cells and non-CHE enterocytes at relatively equivalent levels (FI). After 10-min cAMP treatment (Fig. 4B) , both apical CFTR FI levels and basolateral ␤-catenin FI levels significantly increased in CHE cells, compared with non-CHE enterocytes. In Fig. 4, (as in Fig. 3D ), CFTR labeling again is presented at reduced exposure to show subcellular CFTR distribution in CHE cells. At this exposure level, the apical CFTR labeling was undetectable in non-CHE enterocytes.
ACh induced redistribution of CFTR and NKCC1 in CHE cells of the upper crypt region in rat jejunum explant ex vivo.
To examine the short-term response of CHE cells to a cholinergic stimulus, jejunum tissue explants maintained in DMEM tissue culture medium (see MATERIALS AND METHODS for detail) were exposed to ACh at 10 M (Fig. 5 ) or 100 M (not shown) for 2, 5, 10, or 30 min. The tissue sections were double labeled for CFTR and NKCC1 to identify redistribution patterns. Because the villus epithelia were more sensitive to the ex vivo condition, the crypt regions were examined in detail. In particular, the upper crypt epithelia were analyzed because CHE cells are clearly detectable in this region. In the untreated condition, at all time points, the distribution of CFTR and NKCC1 in CHE cells showed the typical pattern that was observed in vivo. A representative image of a CHE cell is shown at the 30-min untreated condition (Fig. 5A) . In this condition, CFTR labeling was in part apical and in part subapical, and the basolateral NKCC1 labeling was at a similar FI level in CHE cells and non-CHE enterocytes. ACh treatment induced a dramatic change in the distribution pattern of both CFTR and NKCC1 that was detected as early as 2 min (Fig.  5B) . At 2 min, CFTR label appeared to accumulate in endosomes in the subapical region and basolateral domains, and basolateral NKCC1 FI intensity appeared to distinctly intensify in CHE cells, compared with non-CHE enterocytes. At later time points (from 5 min), the endosomal accumulation of CFTR was reduced, with corresponding increase in apical label. At 5-10 min (Fig. 5, C-E) , CFTR label accumulated at the apical and subapical pole, and basolateral NKCC1 FI remained higher in CHE cells than in non-CHE enterocytes. (Note that both representative images of CHE cell in Fig. 5 , C and D, are from the upper crypt, but CFTR label appears more pronounced in Fig. 5D , which reflects an en face view of CFTR label on the brush border due to the orientation of the section.) At 30 min (Fig. 5F ), both CFTR and NKCC1 FI remained higher in CHE cells but were increasingly intracellular.
Absence of the Na ϩ /H ϩ exchanger NHE3 in CHE cells. Our previous studies indicated that CHE cells on the villus epithelium were distinguished by high levels of CFTR but lacked absorptive hydrolases that are normally present on the brush border of villus enterocytes (4). The pathogenesis of CFTRmediated diarrhea is intimately linked to the Na ϩ /H ϩ exchanger NHE3, which is present in the brush border of mature villus enterocytes. In secretory diarrhea, cyclic nucleotides simultaneously increase CFTR abundance and anion secretion on the brush-border membrane (BBM) while inhibiting Na ϩ absorption by decreasing NHE3 levels and function to result in net fluid secretion (19, 28, 30, 33) . In addition to our investigations of secretory transport proteins in CHE cells, we examined whether CHE cells may possess fluid absorptive functions. CFTR/NHE3 double labeling of rat duodenum and jejunum tissues indicated that the CHE cells distinctly lack NHE3 in their BBM (Fig. 6A) , whereas non-CHE enterocytes coexpress CFTR and NHE3 at their apical domain, as shown before (28, 30) . Short-term acidic conditions are known to stimulate exocytic insertion and surface expression of CFTR while inducing a partial endocytosis of NHE3, particularly in the upper villus (28) . After stimulation with HCl saline (Fig.  6B) , the FI level of CFTR dramatically increased in the BBM of villus CHE cells, whereas NHE3 was undetectable.
Elevated levels of vacuolar-ATPase in CHE cells. VacuolarATPase proton pumps are essential for homeostatic regula- tion of intracellular and extracellular pH in epithelial and nonepithelial cells (11, 34, 39) . V-ATPase pumps play an important role in regulating luminal pH in the kidney and epididymis, but little is known regarding V-ATPase in the intestine (40 -41) . Our laboratory recently identified endogenous V-ATPase expression in native enterocytes in the rodent intestine (our unpublished observations). Because the Naϩ/Hϩ exchanger NHE3, which is involved in the extrusion of protons on the enterocyte BBM, was absent from CHE cells, we examined whether an alternate mechanism for proton extrusion was present. V-ATPase/CFTR double labeling revealed the presence of V-ATPase proton pump in CHE cells, at higher levels than in neighboring enterocytes (Fig. 7) .
Absence of the Cl
Ϫ /HCO 3 Ϫ anion exchanger PAT1 (SLC26A6) in CHE cells. Villus enterocytes in the small intestine regulate HCO 3 Ϫ secretion from the apical BBM by signaling through CFTR and chloride/bicarbonate exchangers (44, 49) . To investigate a role for CHE cells in apical HCO 3 Ϫ transport, we examined whether the Cl Ϫ /HCO 3 Ϫ anion exchangers PAT1 (SLC26A6) and DRA (SLC26A3) were present in the CHE cells. Apical PAT1 immunofluorescence labeled duodenal and jejunal villus epithelia strongly (data not shown). CFTR/PAT1 double immunolabeling revealed that PAT1 was absent in the CHE cells, whereas neighboring non-CHE enterocytes coexpressed CFTR and PAT1 at their apical domain (Fig. 8) . In the rat proximal colon, we reported strong apical DRA immunolabeling (29) , but, in small intesti- nal tissues (processed identically and collected from the same rat), we consistently detected weak and patchy DRA labeling (data not shown). In mice, a similarly patchy DRA immunolabeling pattern was described in duodenal villi (54) , and modest DRA labeling was reported in jejunum villi relative to the surface epithelium of the cecum (56), using a different antibody. In our CFTR/DRA double-labeling experiments, DRA was not detected in CHE cells (data not shown). It is possible that low levels of DRA may be present in CHE cells, but this could not be confirmed due to low levels of DRA labeling.
Absence of intestinal ALP in CHE cells.
Intestinal ALP is found on the apical BBM of mature enterocytes, where it plays an important role in intestinal barrier functions (46) and affects HCO 3 Ϫ secretion and surface microclimate pH in rat duodenum (1) . To further investigate the BBM characteristics of CHE cells, we examined whether the enzyme ALP was present. CFTR/ALP double immunolabeling revealed that, in contrast to non-CHE enterocytes that coexpressed CFTR and ALP on the BBM, ALP was absent from CHE cells (Fig. 9) .
The lack of apical transport proteins involved in HCO 3 Ϫ mediated regulation of pH balance at the epithelial surface (NHE3, SLC26A6, and ALP) in CHE cells prompted us to investigate the presence of basolateral HCO 3 Ϫ entry transporters. The electrogenic Na ϩ /bicarbonate cotransporter NBCe1 is present on the basolateral membranes of CFTR expressing villus enterocytes of the small intestine, where it contributes to CFTR-mediated HCO 3 Ϫ transport (13, 28, 30, 49) . CFTR/ NBCe1 double-label studies suggested NBCe1 labeling along the basolateral membranes of CHE cells, but it could not be confirmed with confidence. Furthermore, following cAMP stimulation, basolateral NBCe1 FI increased in villus cells as described before (28), but, in contrast to the robust increase in NKCC1, no specific changes in NBCe1 could be ascribed to the CHE cells (not shown).
Low levels of Myosin 1a in CHE cells. Our earlier ultrastructural studies indicated that the microvilli of CHE cells were disordered and less packed compared with neighboring enterocytes (7) . Because the plus-end myosin motor in the enterocyte, Myosin 1a, is critical for normal brush border structure (52) and CFTR localization in mature enterocytes (31), we examined Myosin 1a localization in the CHE cells. CFTR/Myosin 1a double immunolabeling revealed that Myosin 1a was present in the BBM of CHE cells, but Myosin 1a FI levels were very low compared with neighboring enterocytes (Fig. 10) .
Localization of NHERF-1 (EBP50) in CHE cells. We further investigated whether the postsynaptic density and zonnula occludens-1 adaptor protein NHERF-1 was present in CHE cells because NHERF-1 is a regulator of NHE3 and CFTR (25) (26) . CFTR/NHERF-1 double immunolabeling revealed that NHERF-1 was present in the BBM of CHE cells, at FI levels similar to neighboring enterocytes (Fig. 11) .
Other biological markers relevant to epithelial functions including syntaxin 3, protein kinase A, and Na-K-ATPase (not shown) were tested in double-labeling studies and found to be present at the same levels in CHE cells and neighboring enterocytes.
Disorganized and short microvilli are a characteristic feature of CHE cells. Detailed diffraction interference contrast (DIC) image analysis of the CHE cells at high magnification of DIC during the course of the study confirmed earlier observations from this laboratory (4, 7) that the brush border microvilli of CHE cells were more disorganized compared with neighboring villus enterocytes (see Figs. 10 and 11 ). 
DISCUSSION

Disproportionately robust secretagogue-induced membrane recruitment of CFTR and NKCC1 in CHE cells.
The results of the present study demonstrate for the first time that both apical CFTR and basolateral NKCC1 disproportionately increase in the CHE cells compared with neighboring enterocytes after stimulation with the secretagogues cAMP or the Ca 2ϩ agonist ACh. In the intestine, both cAMP and Ca 2ϩ agonists regulate fluid secretion by inserting CFTR Cl Ϫ channels from subapical endosomes into the apical BBM and NKCC1 Cl Ϫ transporter from intracellular endosomes to the basolateral membrane of enterocytes (7, 28, 30) . Contrary to the constitutively higher CFTR levels in CHE cells, NKCC1 expression in CHE cells was similar to other enterocytes at steady-state condition. However, the NKCC1-trafficking response to the secretory stimuli of cAMP and ACh was much more robust in CHE cells compared with other enterocytes. One possible explanation for this observation is that a larger proportion of intracellular NKCC1 is recruited to the basolateral membrane in CHE cells following stimulation than neighboring enterocytes. Because a robust CFTR-and NKCC1-trafficking response is consistent with elevated transcellular Cl Ϫ transport, this further strengthens the notion that the CHE cells are enriched with molecular machinery to elicit robust Cl Ϫ secretory functions. A decade ago, we identified a subpopulation of highly fluorescent villus cells following loading rat duodenum segments in vivo with the Cl Ϫ indicator dye LZQ. These preliminary observations suggested that some villus cells, possibly the CHE cells, have uniquely high intracellular Cl Ϫ concentration (N. Ameen, unpublished observations). However, the lack of Cl Ϫ indicator dyes retainable upon fixation has precluded double-label experiments with CFTR antibodies to confirm that this subpopulation is CHE cells. Due to the lack of ALP in CHE cells, ALP as a negative marker could be another promising alternative to identify CHE cells. Thus, theoretically, it is possible that a few ALP-negative "gap" cells (of 4 -5-m thickness) among ALPpositive villus epithelial cells could be "matched" with Cl Ϫ dye accumulating (Cl Ϫ concentrating) cells in the same tissue with the combined use of Cl Ϫ indicator dyes and ALP markers; however, such an approach is technically unfeasible at present.
ACh is critical in controlling epithelial ion transport and water movement that is necessary for gut hydration. The effect of ACh on intestinal ion transport is mainly an increase in Cl Ϫ secretion due to interaction with epithelial M3 and, to a lesser extent, neuronal M1 muscarinic receptors (27) . This study revealed a short-term trafficking response of CFTR and NKCC1 in CHE cells in response to ACh. The response was rapid and was evident within 2 min. After 5-10 min, both CFTR and NKCC1 were recruited to their respective membranes. However, the response was biphasic; after 30 min, both transporters were increasingly in an intracellular location. This biphasic mechanism of transporter trafficking is characteristic of the epithelial response to ACh that was described in colon explants (43) . We previously reported a carbachol-induced membrane-trafficking response of CFTR and NKCC1 in epithelial cells along the crypt-villus axis (30) . The present study revealed that the trafficking responses were disproportionately larger in the CHE cells. Overall, the biphasic responses in distribution are consistent with high-volume fluid secretion by these cells that can be rapidly switched on and off.
Absence of NHE3, SLC26A6, and ALP in CHE cells. NHE3 is expressed on the BBM of mature enterocytes of the small intestine (10) . The finding that villus CHE cells lack NHE3 is an unexpected new finding because CFTR and NHE3 are generally coexpressed in the apical domain of enterocytes of small intestinal villi (30) , and both transporters interact to transform the absorptive and secretory functions of the cell (49) . The observation that the CHE cells also lack the Cl Ϫ / HCO 3 Ϫ exchanger SLC26A6 is another intriguing new finding. Like NHE3, SLC26A6 is predominantly localized to villus cells in the small intestine (48, 55) and colocalizes with CFTR on the brush border of villus enterocytes. SLC26A6 is involved in the NHE3-and CFTR-codependent switch from anion absorptive to HCO 3 Ϫ secretory mode in villus enterocytes (49) . Here, SLC26A6 is dependent on proton recycling via NHE3 to operate in the Cl Ϫ absorptive mode (49) . Indeed, SLC26A6
and NHE3 interact (42) , supporting the observed defects in Na ϩ and Cl Ϫ absorption in the small intestine of SLC26A6-null mice (45) .
The lack of SLC26A6 and NHE3 in CHE cells indicates that the molecular machinery that enables fluid absorption or the switch to HCO 3 Ϫ secretion (NHE3, SLC26A6) is absent while the machinery necessary for Cl Ϫ -mediated fluid secretion (CFTR and NKCC1) is dominant in the CHE cells. Intestinal ALP is a glycosylphosphatidylinositol-anchored ectoenzyme that is highly expressed in the BBM of duodenal epithelial cells, with expression declining along the proximal-caudal axis. ALP activity affects HCO 3 Ϫ secretion and regulates protective surface microclimate pH in rat duodenum (1, 35) . The lack of ALP in CHE cells provides further evidence against a major role for HCO 3 Ϫ secretion by CHE cells. Earlier studies from our laboratory demonstrated the absence of the brush border hydrolase sucrase/isomaltase in the CHE cells (4) . Future studies should elucidate whether the CHE cells completely lack the absorptive phenotype of villus enterocytes, including fluid and nutrient absorption. The observation that the CHE cells express NHERF-1, but not NHE3, was somewhat unexpected because NHERF-1 was originally thought to be functionally related to NHE3, hence its name. However, NHERF-1 (EBP50) also seems important for the stabilization of apical CFTR (12) . NHERF-1 is also expressed in nonepithelial cells like T cells. In these cells, type I PKA is anchored close to the T cell receptor in lipid rafts by NHERF-1, and cAMP activates its recruitment to lipid rafts (36) , similar to CFTR. The cAMP-induced increase in the level of ␤-catenin in CHE cells independently suggests that the PKA/cAMP pathway can be selectively and disproportionately activated in the CHE cells.
High levels of V-ATPase in CHE cells. The V-ATPase pump is a multisubunit enzyme complex that mediates ATP-driven proton transport across membranes (11, 34, 39) , performs housekeeping functions, and serves important intracellular functions, including organelle pH regulation in cells (38 -39) . The identification of exceptionally high levels of expression of V-ATPase proton pumps in CHE cells compared with neighboring enterocytes is a novel finding. V-ATPase pumps play important roles in regulating extracellular pH and homeostasis in nonintestinal epithelial tissues (40 -41) . In marine fish intestine, vacuolar-type H ϩ ATPase was identified in the apical membrane of enterocytes, where it secretes acid and facilitates Cl Ϫ /HCO 3 Ϫ exchange (22) , but a role for V-ATPase has not been identified in the mammalian intestine. We recently identified a physiological association of V-ATPase with CFTR in native enterocytes of rat jejunum, suggesting that enterocytes can utilize V-ATPase pumps for proton extrusion at the BBM (our unpublished observations). In CHE cells, the association of V-ATPase pumps with CFTR was predominantly observed at the apical domain. The physiological significance of these findings is unclear. The CHE cells possess abundant organelles, including mitochondria, consistent with high metabolic activity (7) . V-ATPase pumps may contribute important functions for maintaining organelle homeostasis and pH regulation in the CHE cells. Proton secretion by intestinal epithelial cells is largely a function attributed to NHE Na ϩ -H ϩ -exchanger family members (57) . In the small intestine, NHE3 regulates Na ϩ absorption by a process of Na ϩ -H ϩ exchange on the apical membrane of enterocytes. The results of the present study suggest that, in the CHE cells, V-ATPase pumps may provide an alternate source of proton extrusion necessary to maintain intracellular pH in the absence of NHE3. The exceptionally high levels of V-ATPase proton pumps in the CHE cells are consistent with the increased demand of intracellular deacidification during the process of intense Cl Ϫ secretion. In other unpublished studies, we observed that, in rat Brunner's gland, V-ATPase undergoes robust traffic together with CFTR to the apical membrane of acinar cells in response to cAMP activation. Interestingly, acinar cells also lack NHE3 (32). These observations suggest that V-ATPase pumps in the CHE cells may function similarly in the Brunner's glands acinar cells to balance intracellular and luminal pH in the absence of apical NHE3. The ion transporter profile of the CHE cells appears unique among intestinal epithelial cells; however, there are striking parallels between the CHE cells and the cells of the submucosal Brunner's glands of the duodenum: both cell types have distinctly high levels of CFTR, NKCC1, and V-ATPase and lack NHE3, PAT-1, and sucrase/isomaltase. Both cell types also respond to cAMP stimulation with robust apical CFTR and basolateral NKCC1 trafficking. This suggests that both cell types appear to specialize in high-volume fluid secretion and lack absorptive functions.
Low levels of Myosin 1a in CHE cells. Myosin 1a is an intestine-specific plus-end motor that plays an important role in brush border assembly (52) . Maturing crypt cells possess underdeveloped microvilli and are much shorter and less tightly organized compared with microvilli in mature villus enterocytes. Our recent study in mouse small intestine demonstrated that Myosin 1a is absent in lower crypt cells, is detectable at low levels in upper crypts, and is fully apically distributed in villus enterocytes, where it regulates CFTR BBM trafficking and ion transport (31) . In the colon, where villus enterocytes are absent, Myosin 1a levels are also low (31) . Our published observations and those presented in the present study indicate that Myosin 1a is an important regulator of CFTR trafficking in mature villus enterocytes but does not appear to be the dominant motor in CHE cells. The microvilli of CHE cells (throughout the entire crypt-villus axis) are shorter and more disorganized than neighboring enterocytes, consistent with our observations that villus CHE cells possess low levels of Myosin 1a compared with neighboring villus enterocytes. In the absence of Myosin 1a, robust apical CFTR traffic in villus CHE cells could be mediated by a number of alternate plus-end motors such as Myosin 1c, 1d, and 1e (8 -9, 52).
Moreover, low Myosin 1a expression in CHE cells is consistent with our published observations that CHE cells lack sucrase-isomaltase (4) because Myosin 1a is critical for retention of sucrase-isomaltase in the BBM of villus enterocytes (53) . The underdeveloped microvilli and lack of membrane proteins involved in nutrient or fluid absorption are features of the CHE cells that suggest the possibility of an incomplete or "arrested" developmental process for this cell type, compared with the fully mature villus enterocytes that drive fluid and nutrient absorption.
Possible role of the CHE cells in high-volume fluid secretion. The CHE cells are a specialized subpopulation of nonabsorptive enterocytes that are confined to the proximal small intestine and are abundant in the villus epithelium, an epithelium that is mainly specialized in the absorption of fluid and nutrients. In this location, the CHE cells, possessing the highest levels of CFTR of any intestinal cell on their apical membrane, are strategically located on the villus edge and face the intervillus luminal spaces. In the absence of tools to investigate the functions of this enigmatic cell population directly, the data provided in this study suggest that the CHE enterocytes on the villus epithelium are specialized for Clmediated high-volume fluid secretion. Why might it be necessary to have such a subpopulation of Cl-secretory cells on an absorptive epithelium? CHE cells are present in humans and rats but rarely seen in mice (2, 4, 50 -51) . The crypt epithelium, the main site of fluid secretion, intermittently liquefies lumen content that, not only helps digestion, but also aids in the clearance of mucus from intervillus spaces to facilitate absorption of ingested food materials. Crypt cells may handle this function adequately in the mouse small intestine, where villi are shorter with wide intervillus spaces. In contrast, rat and human small intestine possess longer villi, larger absorptive surfaces, and tighter intervillus spaces, and cells specialized in fluid secretion are apparently present on the villi themselves, the CHE cells. We speculate that the role of CHE cells is to liquefy lumen content and thus assist in mucus clearance. The proximal jejunum, where CHE cells are most abundant, possesses a particularly low luminal pH that can promote accumulation of firm adherent mucus on epithelial surfaces and intervillus spaces (18, 24, 28) . Indeed, CFTR abundance in CHE cells increases as the cells migrate toward the villus tip, suggesting that the most robust secretion emanates from CHE cells in the villus region. CHE cells could generate highvolume fluid and pressure in their local environment to remove adherent mucus. By rapid biphasic on-off-switching mechanisms of the cholinergic Ca 2ϩ signaling pathway, the CHE cells appear to be able to apply high-volume fluid secretion intermittently and locally. Proximal small intestinal villi are the main locus of nutrient absorption. The unique ability of the CHE cells to locally assist in the removal of adherent mucus to clear absorptive epithelial surfaces before nutrient absorption by high-volume fluid secretion may be an important function that is necessary for the villus epithelium to efficiently absorb nutrients.
